Manual curation has long been used for extracting key information found within the primary literature for input into biological databases. The human immunodeficiency virus type 1 (HIV-1), human protein interaction database (HHPID), for example, contains 2589 manually extracted interactions, linked to 14 312 mentions in 3090 articles. The advancement of text-mining (TM) techniques has offered a possibility to rapidly retrieve such data from large volumes of text to a high degree of accuracy. Here, we present a recreation of the HHPID using the current state of the art in TM. To retrieve interactions, we performed gene/protein named entity recognition (NER) and applied two molecular event extraction tools on all abstracts and titles cited in the HHPID. Our best NER scores for precision, recall and F-score were 87.5%, 90.0% and 88.6%, respectively, while event extraction achieved 76.4%, 84.2% and 80.1%, respectively. We demonstrate that over 50% of the HHPID interactions can be recreated from abstracts and titles. Furthermore, from 49 available open-access full-text articles, we extracted a total of 237 unique HIV-1-human interactions, as opposed to 187 interactions recorded in the HHPID from the same articles. On average, we extracted 23 times more mentions of interactions and events from a full-text article than from an abstract and title, with a 6-fold increase in the number of unique interactions. We further demonstrated that more frequently occurring interactions extracted by TM are more likely to be true positives.
Introduction
The human immunodeficiency virus type 1 (HIV-1), human protein interaction database (HHPID) is a manually curated database containing 2589 distinct HIV-1 to human protein interactions, linked to 14 312 mentions in 3090 Medline articles (1, 2) . Each of these documented interactions is potentially of value to researchers studying HIV-1, where improved treatment strategies are in urgent demand for a disease that reported 33.3 million confirmed positive cases in 2009, leading to 1.8 million acquired immune deficiency syndrome-related deaths a year (3) . As well as providing an instant resource to researchers seeking distinctive literature on specific HIV-1-human protein interactions, the HHPID has been used to construct detailed networks of the overall host-pathogen interactome (4) and has been vital in RNAi studies with HIV data (5) (6) (7) .
The curation of the HHPID took over 7 years to complete and, ideally, it requires on-going updating. While to 2011, future updates would benefit from some form of assisted curation effort. In the original design process of the HHPID, approximately 100 000 relevant HIV-1 documents were identified through PubMed queries, before further review and filtering reduced this number to 3200 (2) . As of December 2011, a simple PubMed search for 'HIV' produces more than 233 000 results (including more than 64 000 new abstracts since 2007), highlighting the availability of a large body of potentially relevant literature for automated curation. Therefore, future updates to the HHPID will benefit from the ability to systematically process a much larger body of HIV-focused literature.
Text-mining (TM) techniques have emerged as a potential support solution to the knowledge extraction problem, helping to keep pace with the existing and ongoing expansion of primary literature. TM systems are designed to convert text data into manageable information and knowledge (8) . Within TM, there exists a range of techniques used to identify, extract, analyse and visualize data stored within text (9) . A large degree of focus within the field has been placed on accurately and exhaustively extracting molecular interactions (MIs) from biomedical text, supported by collaborative events such as the BioCreative and BioNLP shared tasks (10, 11) . These have led to the overall advancement of biomedical TM, making large-scale data extraction an immediate possibility (12, 13) . However, the quality of TM data has historically been scrutinized in comparison to manual curation, where aspects such as gene name ambiguity (14) and conflicting event relationships (15) , have impeded its overall accuracy.
Existing forms of assisted curation using TM approaches have benefitted the manual curation process by reducing the scale and complexity of information that curators have to process. For example, Wiegers et al. (16) have demonstrated potential in ranking documents according to chemical, gene/protein and disease identifiers in text to augment the efficiency of manual curation of the Comparative Toxicogenomics Database. Another example comes from Kemper et al. (17) who have integrated TM components with a pathway visualizer and annotation tools to aid curators in generating metabolic and signalling pathways more effectively.
In this article, we explore the reconstruction of the HHPID using a suite of tailored state-of-the-art TM tools.
The results and analyses demonstrate that TM is able to recover a large proportion of interactions found within the HHPID with reasonable recall and precision, in addition to expanding the scope of the database by identifying interactions between other types of entities. These techniques have demonstrated that future curation of the HHPID and indeed other MI databases can be assisted by TM helping speed up the curation process.
Methods
Figure 1 summarizes our approach for recreating and evaluating the HHPID using text mining tools. The method has four main steps: (i) text retrieval (using only citations from the HHPID), (ii) named-entity recognition (NER, finding mentions of molecules in text), (iii) molecular event extraction (finding any interactions that exist between entities) and (iv) various evaluations and comparisons of the results.
Data
We limited our investigation to only those articles used in the HHPID to directly compare manual curation to TM. Of Figure 1 . Summary of the methodology. Our methodology is divided into four stages: (1) retrieval of all abstracts and titles, as well as 49 open-access full texts from the 3090 citations in the HHPID, (2) proteins were extracted using an HIV-1/human tailored version of BANNER, (3) events were extracted using two event extraction tools (TEES and Eventminer) and (4) a comparison of the results retrieved by TM was made with the manually curated HHPID. the 14 312 citations in the HHPID, we found 3090 of these to have unique PubMed identifiers (PMIDs). Only 49 articles (1.6%) were available through PubMed Central (PMC) as full-text open access (OA) articles. While it would be preferable to use full text for the entire set of 3090 citations, the limited availability of OA articles restricted our main analysis to using abstracts and titles. To illustrate the value of using full-text articles, we also performed a separate experiment using the 49 OA articles.
Named entity recognition and normalization
To extract proteins from the text, we used BANNER, which has been ranked as one of the top performing NER systems by the BioCreative shared task III (18, 19) . Since BANNER has been developed for use on NER across generic biomedical text, we decided to make adjustments to focus the tool on HIV-1 specific text so that we could enhance its overall performance (20) . To identify any specific BANNER performance weaknesses on the HIV-related literature, we first evaluated the performance on a corpus of 50 randomly selected abstracts and titles from the HHPID (referred to as 'Train-HIV'). We evaluated these abstracts using the same evaluation approach as used in NER evaluation in the BioCreative III shared task using precision, recall and F-score (10, 21) .
The initial evaluation of BANNER revealed commonly occurring types of false positives such as protein regions (e.g. 'V3') or event mentions (e.g. 'superoxide release'), and false negatives such as hyphenated entities (e.g. 'tat-induced') or entities contained within brackets (e.g. '(SOD1)'). While false positives were difficult to distinguish computationally, we were able to reduce the number of false negatives by providing an additional training data set with HIV-1-human interaction-specific classes of false negatives annotated in text. Furthermore, we designed and implemented post-processing modules to work in unison with BANNER and reduce false negatives by applying dictionaries of HIV-1 and top occurring human-related gene names to match untagged proteins from the text. We then evaluated our modified version of BANNER on a new corpus of 50 randomly selected abstracts and titles from the HHPID (referred to as 'Test-HIV').
In addition to recognition of gene names in text, we normalized our NER results to either HIV-1 or human genes using the Entrez Gene gene names, gene symbols and gene aliases (22) . While normalization has traditionally been made difficult by intra-and inter-species gene name ambiguity (23) , HIV-1's small gene set (nine genes) and the knowledge that each document was HIV-1 relevant, helped us to more confidently and accurately associate genes with HIV-1. Gene names that could not be normalized to an HIV-1 dictionary were, wherever possible, mapped to a human dictionary. If they were not matched to either an HIV-1 dictionary or a human dictionary, they were classified as 'other'.
Event extraction
We focus our investigation on specific types of events that represent interactions between proteins as defined by BioNLP'09 (11, 24) . These interactions cover three types of protein metabolism (specifically, gene expression, transcription and protein catabolism), phosphorylation, localization, binding and regulatory events (regulation, positive regulation and negative regulation). Events are identified in text by using two event extraction tools, the Turku event extraction system (TEES) (25) and Eventminer (15 (Figure 2 ).
We applied the two event extraction systems to 3090 titles and abstracts and 49 full-text articles associated with HHPID, after these had been tagged by the HIV-1/human tailored version of BANNER. We considered molecular events identified by either of the systems (union) or by both systems (intersection).
Event evaluation
Molecular interactions represented in the HHPID are characterized by 70 keywords that potentially indicate the type of interaction, many of which are potentially redundant (e.g. 'binds' and 'complexes with'). To enable us to compare the event extraction results with interactions from the HHPID, we mapped 51 out of the 70 HHPID interaction keywords to the nine event types (see Supplementary File S1). The remaining 19 interaction keywords (such as 'glycosylates') were designated as 'other' in the results.
To assess the performance of the event extraction systems, we used our Test-HIV corpus of 50 abstracts and titles. Rather than evaluating single events as is commonplace in the BioNLP shared tasks (11), we evaluated 'event chains' since these represent a more complete depiction of the full interaction and have been represented as such in the HHPID. Event chains were evaluated under two different sets of rules: (i) Stringent event evaluation required that any recorded event chain should be represented in its entirety, i.e. without any falsely reported information in order to be classified as a true positive. (ii) Approximate event evaluation differs in that each reported event chain should be represented without any falsely reported information, although it may still be classified as a true positive if some information is missing. This allows for event chains with missing themes or causes to still be classified as true positives provided the rest of the captured data is correct. Figure 2 provides some examples of event evaluation methods.
Comparison of TM results to HHPID interactions
In order to ensure that any comparisons made between the TM results and the HHPID were fair, we firstly limited our analysis to only citations from the HHPID and interactions between HIV-1 and human molecules. When comparing interactions from the HHPID against TM, we used the Entrez gene IDs as specified in the database and cross-referenced TM entities with Entrez Gene HIV-1 and human gene names, gene symbols and gene synonyms.
It was not possible to automatically evaluate all TMextracted interactions against the HHPID due to incompatibility of the data format representations (e.g. unspecified triggers, textual positions and full text/abstract origin of interactions within the HHPID). Instead, a random sample of 50 abstracts and titles from the data set was chosen and interactions reported within the HHPID as originating from the set were compared against those extracted through TM. We only considered interactions from the HHPID that were present within the abstracts and titles and not the full text. In addition, interactions that could not be extracted by TM, since they did not conform to the nine event types, but were present in the HHPID (e.g. 'acetlyation' interactions), were ignored.
A separate analysis was performed on the 49 PMC full-text OA articles that were cited in the HHPID. Following a similar procedure as above, we compared interactions retrieved from full text by TM against those retrieved from the same subset in the HHPID and those retrieved from only abstracts and titles by TM. .................................................................................................................................................................................................................................................................... .....
Results
We report two types of results: the generic accuracy of TM tools and accuracy specifically applied to the HHPID.
Accuracy of TM tools
The performance of the original version of BANNER (18) on our Test-HIV corpus showed precision, recall and F-score of 83.9%, 87.9% and 85.8%, respectively. When we used altered training data and combined BANNER with a post-processing module, our precision, recall and F-score were all improved to 87.5%, 90.0% and 88.6%, respectively, showing a marginal increase on the default BANNER configuration. Table 1 shows the precision, recall and F-score for the event extraction tools. Eventminer performed better than TEES in both stringent and approximate matching, with the highest precision, recall and F-score in approximate matching: 79.9%, 73.7% and 76.7%, respectively. When the results of both tools are merged in a union of events, recall and F-score are both notably higher in the stringent and approximate evaluations compared to individual tools and the precision is greater in the stringent evaluation. Our analysis showed that this was due to full event chains now being completely represented. However, the precision of the union is slightly lower (À3.5%) in the approximate matching. The highest precision is achieved in the intersection of the two tools (87.4%), although recall (46.2%) and F-score (60.4%) are considerably lower. We therefore decided to use the union of the two tools for further investigation.
Comparison of HIV-1-human interactions extracted by TM and the HHPID Table 2 shows the total numbers of HIV-1-human molecular interactions for the HHPID and TM. We note that the TM results here are restricted to interactions between HIV-1 and human molecules only. The HHPID showed greater total numbers of interactions for all of the event types in comparison to TM. This is not surprising considering that the HHPID was derived from full text, whereas TM in this analysis was applied to abstracts and titles only. Table 3 further shows a comparison between the proteins involved in events ('participants') with the highest frequency in HIV-1-human interactions in the HHPID and TM. Here we observed eight out of ten of the same proteins shared between the two data sets.
To estimate how much of the HHPID we have replicated through TM, we compared interactions taken from abstracts and titles in the HHPID against HIV-1-human TM interactions over a set of 50 randomly selected citations from the HHPID. We were able to match 22 TM interactions to interactions within the HHPID, while 20 interactions that were present in the abstracts and titles were either missed or not fully extracted by TM. Thus, we estimate TM has recreated over 50% of interactions derived from the 3090 abstracts and titles within the HHPID without considering any potential data from full text. The value of using full text in TM is explored later in our analysis.
When we only considered frequently occurring unique HIV-1-human interactions, our results for TM were particularly encouraging. Table 4 shows the frequency of the top ten most commonly occurring HIV-1-human interactions extracted by TM. With our analysis restricted to unique interactions, TM achieves a similar number of total interactions (2069) in comparison to the HHPID (2589). All of the top 10 interactions retrieved automatically from text were true positives; however, only 7/10 were present within the HHPID. For example, 'negative regulation of binding of gp120 to CD4' is not present within the HHPID due to there being no regulation of binding interactions recorded within it. The 'binding of gp120 to sCD4' is not distinguished within the HHPID as an interaction, as CD4 is only recorded as 'T-cell surface glycoprotein CD4 isoform 1 precursor' and neglects the 'soluble recombinant' prefix of the CD4 nomenclature from the interaction. Instead, this information is presented within a reference sentence for the interaction in the HHPID and is unable to be filtered in a standard database query.
While these two instances of missing interactions from the HHPID can be accounted for by constraints in the way data in the HHPID is curated, there is no obvious reason as to why the 'binding of Vpu to CD4' is not present. We were able to confirm this interaction as a true positive from a number of references (26) (27) (28) (29) , all of which are present in the HHPID article set. We believe that-although binding of Vpu to CD4 has been documented as a direct interaction in a number of publications-the end result of this event is a down-regulation of CD4 and is documented in the HHPID as 'Vpu degrades CD4' and 'Vpu downregulates CD4'-an interaction also qualified in the TM data set by 'Vpu positive regulation of protein catabolism of CD4'. This discrepancy highlights issues for both the HHPID and TM. Here, it is evident that in the HHPID it is not completely clear from the interaction (when ignoring the reference sentence) that Vpu had bound to CD4 to cause its degradation. However, in TM, although both parts of the overall interaction (the binding and degradation) are represented in separate event chains, they cannot with the existing methodology be automatically linked together when spanning over one sentence. A combined TM and manual curation approach could help solve both of these problems, by using TM as a support to manual curation to provide additional descriptions for a candidate interaction.
Given the high number of binding events, we further analysed the most frequent interaction participants involved in this type of interaction. In Table 5 , we compare the binding participants between the HHPID and TM for the HIV-1 Tat gene, as this gene was amongst the most frequent participants in both data sets. We observed similar 
Other types of interactions retrieved by TM
As well as retrieving HIV-1-human molecular interactions, TM retrieved events and participants that were involved in other types of interactions or event chains. For example, in (Table 6 ). Furthermore, we designated 8415 interactions as other, i.e. not involving an HIV-1 or human protein.
We note that it is likely that this number is much lower, given that our normalization methods were not sufficient in categorizing all of the participants into their appropriate species.
Some of the most frequently occurring interactions that were not present in the HHPID, due to the restrictions in its scope are shown in Table 7 . We noted that the majority of TM interactions that were false positives for HIV-1-HIV-1 and human-human MIs were each involving selfinteractions, and as such can be filtered out easily. However, while these particular self-interactions represented false positives, we should take into account in future work that self-interactions may sometimes represent true positives as well (30) . Table 7 also shows that the HIV-1 trans-activation response element (TAR) is involved in Tat binding. It is interesting that this interaction was not present in the HHPID. Although a fundamental molecule involved in HIV-1's biology (31) , this TAR interaction is not included within the HHPID as it is an RNA molecule and the HHPID is limited to proteins only. This is also the case for the HIV-1 longterminal repeat (LTR). To demonstrate the significance of TAR and LTR's involvement within HIV-1 interactions, Table 8 shows their most frequently occurring interactions retrieved through TM and whether they are supported by the literature. Out of the 15 interactions involving LTR and TAR, only two were false positives. Table 9 shows most frequent interactions extracted from the 49 articles cited within the HHPID which were open access and available for text mining. We compared HIV-1-human interactions extracted from full text, abstracts and titles and those denoted within the HHPID for this set of articles. For the top 10 interactions retrieved through TM applied on full text, we could only account for four in the HHPID, despite all 10 being true positives, indicating that potentially 60% of top-ranked full-text TM interactions might be missing from the HHPID. In total, there were 237 unique HIV-1-human interactions extracted from the 49 articles. This is 27% more than what is in the HHPID from the same subset, suggesting a potential gap in the interaction references in the HHPID. Although TM will have almost certainly reported some false positives (and false negatives for that matter) within these, the absence of 6 out of 10 true positive interactions found by full-text TM suggests that manual curation is not as exhaustive as we may have come to expect. A comparison of HIV-1-human interactions extracted from full-text to those extracted using only abstracts and titles revealed over a 6-fold increase in the number of unique interactions. Only three of the top 10 interactions from full-text TM were found in the abstracts and titles TM subset. Overall, TM on full text recorded an average of 231 interaction or single event mentions per article in contrast to just 10 in abstracts and titles, an increase of 23 times. These results provide a compelling justification for the use of full text as opposed to only abstracts and titles in TM.
Full-text TM analysis

Discussion
Our custom BANNER system was able to achieve precision, recall and F-score of 88%, 90% and 89%, respectively using a modified, specially tailored training data set and a post-processing module utilizing a dictionary with HIV-1 and top occurring human genes. Although only marginally better than the original system, these scores demonstrated TM to be capable of extracting genes and gene products from HIV text to a useful level. An error analysis shows that commonly occurring false positives were acronyms such as cell line names (e.g. HeLa) or strain names (e.g. HIV-1 subtype B).
For event evaluation, we chose to use a union of two event extraction tools, which-under our most strict method of evaluation-showed precision, recall and F-score of 54%, 79% and 64%, respectively. Our approximate form of event evaluation for our best system showed precision, recall and F score of 76%, 84% and 80%, respectively. These results indicate that a large proportion of false positives from our stringent evaluation were caused not through falsely reported information, but through incomplete event chains, such as missing interaction causes or binding partners. Here, there is potential to improve on the performance of event extraction through completing the event chains that have missing information. However, generally the greatest challenge for event extraction tools comes from apprehending the various writing styles employed by different authors. False positive events were most persistently caused by complex grammatical sentences or just poor grammar, making it difficult for automated tools to ascertain their intended meaning. Figure 3 provides some examples of typical false positives.
TM versus manual curation
We have successfully managed to recreate a large proportion of the interactions denoted within the HHPID using the current state of the art in TM. We have shown that TM tools are at least capable of precisely replicating over 50% of the interactions denoted within the HHPID from an evaluation sample of 50 abstracts and titles. Considering the manual curation of the HHPID took 7 years to perform, our tools have proven to be markedly more efficient by replicating a large percentage of this data automatically in a matter of hours. Across the full list of citations within the HHPID, we have retrieved 2069 total unique HIV-1-human interaction mentions in comparison to 2589 unique HHPID interactions. Although some of these TM interactions probably represent false positives, this result is still extremely encouraging considering that curators of the HHPID had access to interactions from full text as well as abstracts and titles. From these HIV-1-human interactions, we found 7 of the top 10 binding interactants between Tat retrieved by TM to be present in the HHPID. Thus, we feel that those interactions recovered using TM represent a strong demonstration of how manual curation could be supported by sophisticated TM.
A top participant detected by TM for Tat binding that was not present in the HHPID was the HIV-1 TAR element. We found that the HHPID does not have any mentions of the HIV-1 TAR or any other RNA interactions involving HIV. It was not an objective of the HHPID to document these kinds of interactions, although, they are a potentially valuable resource to researchers studying HIV-1. To determine the role of TAR and another HIV-1 RNA molecule, the LTR, we highlighted interactions involving only these molecules (Table 8) . Across the 15 interactions that we examined, only two were false positives and thus, we feel TM have the potential to identify valuable information from HIV-specific text on HIV-1 interactions that are not currently present in the HHPID. Given the other types of interactions that could be extracted (interactions between HIV-1 molecules, interactions between human molecules, interactions between two or more participants, etc.), TM tools could facilitate a semi-automated approach to the expansion of the scope of the HHPID database.
From five interactions involving more than two participants that we examined (Table 7) , we were able to find four true positives. The true positives for interactions involving more than two participants are especially beneficial as that they provide a more complete illustration of interactions in contrast to the HHPID. Figure 4 shows an example.
To consider the potential of full-text TM, we investigated the available OA articles cited in the HHPID. Interactions extracted from this subset highlighted that 6 of the top 10 interactions retrieved by full-text TM were missing, with 27% fewer unique interactions compared to the HHPID. These particular full-text articles referred to large numbers of gene and gene product mentions, contributing to some 11 337 interaction mentions as deduced by TM. While inaccuracies of TM cannot be ignored, these results do perhaps draw attention to limitations of manual curation, especially when dealing with more interactionsaturated literature, e.g. in high-throughput studies which are likely to contain more interaction mentions. However, it should be noted that curators from the HHPID may have chosen to only document the most important interactions denoted within these papers, accounting for the lower numbers of interactions.
In our subset of OA full-text articles, a comparison of TM using only abstracts and titles of the same articles exposed a significantly lower frequency of interaction mentions. On average, there were only 10 interaction mentions in abstracts and titles in contrast to 231 in full text. When only unique HIV-1-human interaction mentions were considered, full text still showed a 6-fold increase in data, with seven of the top 10 full-text TM interactions not present in the abstracts and titles TM data set. Although it has already been demonstrated that full text contains more information (33) , only a small number of more than 233 000 HIV-related articles are accessible through PMC OA, thus, limiting the full potential of full-text TM to provide a large-scale systematic approach to information extraction from the entire literature.
One major weakness in our approach was the lack of an advanced normalization system able to fully categorize all of our retrieved participants into either HIV-1 or human species types. The dictionary-based methods we used can potentially be improved by using more sophisticated normalization systems such as GNAT (34, 35) or GeneTUKit (34, 36) . Better normalization of participants will enable us to more precisely identify the interactions that TM has retrieved. However, we will be careful to ensure that useful context in descriptive prefixes and suffixes of molecules, e.g. 'mutant', are not lost while normalizing, as this information can potentially be useful to researchers in understanding what was originally documented. (32) . Here, we can see that the full interaction is identified by TM, across multiple participants and events. The HHPID documents this same interaction as 'Tat enhances mitogen-activated protein kinase kinase kinase 14', which is clearly a misrepresentation of the actual full interaction.
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Conclusion
In this article, we explored the potential of a TM-driven approach to curation of the HHPID. The results and analyses demonstrate that TM is able to recover a large proportion of interactions found within the HHPID with a reasonable recall/precision ratio, in addition to potentially expanding the scope of the database by identifying interactions between other types of entities. In principle, TM methods are more likely to retrieve true positives that are more frequently recorded in the literature. With such a large body of citations available for HIV, we believe that in the future we will be able to apply confidence to interactions based on how frequently they were recorded, and thus provide better support to the curation process.
Our analysis of full-text TM has revealed a convincing support for its usefulness, compared to solitary abstracts and titles. With such a dramatic difference in the frequencies of interaction mentions, we believe that in our future work we will be able to retrieve huge numbers of interactions if we have access to all full-text articles. A potential problem in full-text analysis in comparison to using only abstracts and titles will be to identify the 'value' and 'novelty' of an interaction, where aspects such as defining interactions as 'referenced' or 'recorded' will present new TM challenges. However, we believe neglecting such huge amounts of potentially valuable data would vastly hinder any future efforts to curate a more complete HIV-1-human protein interaction database.
Overall, although it is unlikely that TM will ever be able to replicate the accuracy that manual curation can achieve in MI extraction, its main strength is in the speed at which it can generate data that can be used to, amongst other aspects, support the curation process. Our results have shown that TM can retrieve reasonably accurate results for MI extraction and therefore a TM-assisted manual curation approach could be most beneficial, in particular for the more frequent interactions that can be checked first via references to the text. In the future, we intend to apply the current techniques with any improvements to the full list of HIV-1 citations in Medline and PMC, and make our results available to researchers online. The corpora generated are available on request.
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